Aurora kinase A (Aurora-A) belongs to a highly conserved family of mitotis-regulating serine/threonine kinases implicated in epithelial cancers. Initially we examined Aurora-A expression levels at different stages of human skin cancer.
Introduction
Replication of mammalian cells is a very precise and ordered process that results in the faithful duplication of chromosomes and equal distribution of genetic material between daughter cells. Deregulation of kinases that control cell cycle progression is commonly observed in human tumors and may promote aberrant mitosis leading to genomic instability. Many malignant tumors display genetic alterations that result in the activation of oncogenes and/or loss of tumor suppressors, which suggests that genomic instability may be an important factor in the development of highly malignant tumors. Nevertheless, the exact role of genomic instability in tumorigenesis remains poorly understood if not controversial.
The Aurora kinase A (Aurora-A) serine-threonine kinase is one of three members of a highly conserved family of mitotic kinases that have fundamental roles in regulating cell division. Previous studies have shown that Aurora-A is necessary for the timely entry into mitosis, maturation of centrosomes, and assembly of bipolar spindles (1) (2) (3) . Aurora-A interacts with Polo-like kinase-1 (Plk-1) to indirectly regulate cyclin-B/Cdk1 complex activity and, thereby, to promote entry into mitosis (4) . In addition, Aurora-A also localizes to the centrosomes during the G 2 phase of the cell cycle through interactions with various factors, including Plk-1. Two recent independent studies have shown that Plk-1 activation by Aurora-A, mediated by its interaction with a G 2 -M expressed protein Bora, are essential for mitotic entry (5) and recovery from checkpoint arrest (6) . Aurora-A is also essential for the function and localization of centrosomal component proteins (1) and promotes centrosome separation and spindle assembly, helping to establish the two poles of the bipolar mitotic spindle (1) . Protein levels of Aurora-A fluctuate during the cell cycle, reaching their peak early in mitosis and dropping quickly by the end of anaphase/G 1 phase when it is targeted for degradation by the anaphase promoting complex (7) . Disruption of Aurora-A function leads to severe mitotic defects such as delayed entry into mitosis, monopolar spindles, defective centrosome maturation, and misalignment of chromosomes during metaphase (7) . Interestingly, ectopic expression of Aurora-A results in centrosome duplication, multipolar spindle, tetraploidization, and aneuploidy (2) , indicating that optimal levels of Aurora-A are necessary for the faithful replication of cells.
Aurora-A, which resides on human chromosome 20q13, is frequently amplified in human breast, bladder, ovarian, gastric and colon carcinomas (8) , and it is considered an oncogene implicated in the pathology of these malignancies. Additionally, Aurora-A was also identified as a low penetrance cancer susceptibility gene in both human and mice (9, 10) and shown to be overexpressed at the mRNA or protein level in several human tumor types (8) . Aurora-A overexpression transforms immortalized rodent cell lines in vitro, giving rise to tumors when these cells are implanted in nude mice (2, 11) . Moreover, a genetic variant of Aurora-A (Phe31Ile) has been identified as a cancer susceptibility gene in multiple types of human cancer (9, 10, 12) and also enhances transforming activity in vitro (9) .
There is currently great interest in using small molecule inhibitors to target Aurora-A function in cancer (13) . However, the mechanism by which Aurora-A contributes to tumorigenesis in vivo remains unclear, and there are currently no tumor models that recapitulate the characteristics of human cancers associated with Aurora-A amplification or overexpression. Several groups have used transgenic approaches to overexpress Aurora-A in mouse mammary glands with conflicting results (14) (15) (16) . Only one of these groups was able to show formation of malignant mammary tumors after a long latency (16) , whereas two other groups reported either benign tumor formation or no tumors in mice overexpressing Aurora-A (15, 16) . Moreover, metastasis was not reported in any of these studies. To better understand the role of Aurora-A at different stages of carcinogenesis, we developed an inducible model in which the expression of Aurora-A was specifically directed to epithelial cells in the skin using the gene-switch system (17) . In this study we show that overexpression of Aurora-A cannot initiate tumorigenesis but can accelerate the conversion of 7,12-dimethylbenz(a)anthracene (DMBA)-initiated papillomas to squamous cell carcinomas (SCC) that were highly metastatic and displayed a high level of genomic instability.
Materials and Methods
Construction of Aurora-A gene-switch transgenic mice. To engineer mice expressing an inducible form of Aurora-A, a cDNA encoding the Phe31Ile Aurora-A variant, previously shown to be a low penetrance tumor susceptibility gene associated with the degree of aneuploidy in human colon tumors (9) , was cloned into the UAS-TK vector (18) . Transgenic founders were established by standard procedures, and mice carrying the Aurora-A transgene were routinely genotyped by PCR using the primers 5 ¶-AGC CGG TTC AGA ATC AGA AG-3 ¶ and 5 ¶-AAG CTC TCC AGC TGA TCC AAG A-3 ¶. Aurora-A monogenic mice were crossed with RU486 inducible keratin 14 (K14).GLP65 transgenic mice (19) . For ease of reading, Aurora-A;GLP65 bigenic mice will be referred to as Aurora-AGS mice.
Molecular and biochemical analyses. Total RNA was extracted from frozen or RNALater (Ambion) stored tissue using Triazol reagent (Invitrogen), and reverse transcription of total RNA was done as previously described (20) . Aurora-A expression was detected in 7 ng of reversetranscribed total RNA by quantitative PCR (qPCR) analysis using a Light Cycler 480 System (Roche Diagnostics) and the amplification primers 5 ¶-GCAGGCAACCAGTGTACCT-3 ¶ and 5 ¶-TGCCAGTTCCTCCTCAGGATTA-3 ¶ and probe 5 ¶-ATCCTGTCTCCAGGCCACTGA-3 ¶. Aurora-A levels were normalized to glyceraldehyde-3-phosphate dehydrogenase RNA abundance (AppliedBiosystems). Codon 61 mutations in the Hras and Kras genes were determined as previously described (21, 22) . For immunoblotting, tissues were first lysed in 50 mmol/L Tris, 120 mmol/L NaCl, 1 mmol/L EDTA, 1% NP40, and 10% glycerol containing protease inhibitors (Roche Diagnostics). Lysates were then resolved via SDS-PAGE, transferred, and incubated with antisera against human Aurora-A (generated by S. Sen) or h-actin (Abcam). Blots were then incubated with appropriate horseradish peroxidaseconjugated secondary (Sigma), and the signal was visualized using the Supersignal detection system (Pierce Biotech).
Animal, carcinogenesis, and cell culture protocols. To activate expression of Aurora-A in Aurora-AGS mice, animals were topically treated with either 1 mg/mL (newborn) or 2.5 mg/mL (adult) of RU486 dissolved in ethanol. For two-stage chemical carcinogenesis experiments, newborn mice were first initiated with a single treatment of 50 Ag DMBA (Sigma) and promoted with 20 Ag of 12-O-tetradecanoylphorbol 13-acetate (TPA; Sigma) weekly. The expression of Aurora-A was maintained topically with 200 Ag RU486 thrice per week. For bromodeoxyuridine (BrdUrd) incorporation experiments, mice were injected with 1 mL/100 g of body weight dose of Zymed BrdUrd labeling reagent (Invitrogen). Tissues were harvested 2 h afterward, fixed, and processed for paraffin or OCT embedding, and sections were stained with H&E or processed for imunohistochemistry. Mouse keratinocytes were isolated as previously described (23) and grown in 100 nmol/L RU486 to induce Aurora-A expression.
Centrosome staining. Immunodetection of centrosomes was done on 30 Amol/L thick OCT embedded sections. Postfixed sections were permeabilized, blocked, and incubated with g-tubulin antiserum (Sigma). Sections were then incubated with FITC-conjugated secondary antibodies (The Jackson Laboratory) and counterstained with propidium iodide (Sigma). Stained sections were analyzed with a Zeiss LSM 510 META Confocal Imaging Microscope. For centrosome counting, at least five randomly selected regions in each section were scanned. The number of centrosomes per nucleus was counted, and a minimum of 300 nuclei was analyzed for each section.
Immunofluorescence and immunohistochemical analyses. Sections processed for immunofluorescence were blocked and incubated with the following primary antibodies: a-K14 (24), a-human Aurora-A (Abcam or from S. Sen), a-g-tubulin (Sigma), a-TTF1 (kindly provided by Dr. Francesco DeMayo, Baylor College of Medicine), and a-BrdUrd (BDBioscience). Slides were then incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen), mounted with 4 ¶,6-diamidino-2-phenylindole (DAPI) mounting solution, and analyzed by fluorescent microscopy. Primary keratinocytes stained for immunofluorescence were initially fixed, permeabilized with 0.2% Triton X100, blocked, and incubated with primary and secondary antibodies as stated above. Immunohistochemical analysis was done as previously described (25) . Antigen retrieval was done in 0.1 mol/L sodium citrate using a commercial microwave. Sections were then incubated with Ki67 (Vector Laboratories), active caspase-3 (Cell Signaling), and p53 (Vector Laboratories) antiserum. For detection of Aurora-A in human tumor sections (archival tumors in the Department of Dermatology, University of Colorado Denver) and a human skin tumor array (Proteinbiotechnologies) were subjected to antigen retrieval in 198 mmol/L Tris, 6 mmol/L EDTA, and 1.7% Tween 20 using a commercial pressure cooker. Sections were then incubated with Aurora-A antiserum (Novocastra Laboratory). Signals were then amplified with VECTASTAIN Elite ABC kit (Vector Laboratories) and visualized using Vector NovaRed substrate kit (Vector laboratories). Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assays were done using the DeadEnd Fluorometric TUNEL System (Promega).
Array CGH analysis. Genomic DNA (gDNA) was isolated from frozen tumor biopsies using a DNeasy kit (Qiagen, Inc.), and 1 Ag of tumor and C57BL/6J reference gDNA (The Jackson Laboratory) was digested with AluI and RsaI (Promega). Digested gDNA was then fluorescently labeled using Agilent Genomic DNA Labeling Kit Plus (Agilent Technologies). Cy3-labeled tumor DNA and Cy5-labeled reference DNA were combined and hybridized to Agilent 244K oligo array CGH slides using an Agilent CGH hybridization kit and oven (Agilent Technologies). Washed slides were then scanned with Agilent Scanner G2565BA using Agilent Feature Extraction Software V. 9.5.3.1 (Agilent Technologies). Data analysis was done using Agilent CGH Analytics V3.4 software as previously described (26) . Z score and ADM-2 aberration methods were used with a threshold of 2.5 and 6, respectively, to determine regions of amplification or deletion in tumors.
Statistical analysis. Values are presented as mean F SD. Statistical analysis was determined using curve fitting test, Student's t test, m 2 test, or Fisher's exact test using Graphpad Prism software.
Results
Aurora-A overexpression in human squamous cell carcinomas. To determine if Aurora-A was overexpressed in human skin cancers, we screened normal skin, prebenign and benign lesions, and SCC tumor samples for Aurora-A expression. Aurora-A was rarely detected in normal adult skin (Fig. 1) . However, strong nuclear staining of Aurora was detected in prebenign actinic keratosis lesions (n = 3) near regions of active proliferation (Fig. 1) . We observed localization of Aurora staining at both poles and spindles of cells undergoing early mitosis (Supplementary Fig. S1 ). Nuclear staining of Aurora was also evident in benign (n = 5) and well-differentiated SCC (n = 11). Poorly differentiated SCC (n = 9) showed a more diffused, but widespread, pattern of Aurora-A expression ( Fig. 1) , suggesting that Aurora-A levels correlated with tumor malignancy. In addition, abnormal staining patterns were detected in small numbers of SCC cells in both benign and poorly differentiated tumors (Supplementary Fig. S1 ). We further screened a commercially available human skin cancer tissue array representing 40 SCCs and other skin tumor types. We observed a staining pattern similar to our archival tumor samples, indicating that Aurora-A expression may be an important marker of SCC progression.
Generation of Aurora-AGS mice. To mimic overexpression of Aurora-A observed in human skin tumors, we used the gene-switch system (17) to preferentially express the Phe31Ile variant of the human Aurora-A in murine epithelial cells after the topical application of the antiprogesterone drug RU486. This variant of Aurora-A was shown to be associated with increased risk and poor patient prognosis in esophageal carcinoma (9, 10, 12) . The geneswitch system has two components: the activator and the target transgene ( Fig. 2A, inset) . The activator transgene, a human K14-driven fusion protein composed of the GAL4 DNA binding domain, the truncated progesterone receptor, and the transactivating domain of NF-nB p65 (K14.GLP65), translocates to the nucleus in the presence of RU486, but not endogenous progesterone, to activate target genes containing GAL4 binding motifs (19) . Although the K14 promoter directs expression of the activator to basal keratinocytes in stratified epithelial tissues including the skin, oral cavity, and esophagus, activation of target genes is restricted to the skin by topical application of RU486 (19) .
Several lines of Aurora-A transgenic mice were established and showed no overt pathology. These lines were then bred to K14.GLP65 (GLP65) activator mice to test for Aurora-A inducibility. One line showed robust induction of Aurora-A gene expression after RU486 treatment when coexpressing GLP65 ( Fig. 2A) and was used for subsequent experiments. Bigenic mice treated with ethanol showed basal level expression that was comparable with Aurora-A target mice alone. Additionally, there was no induction in liver (i.e., nonsquamous epithelial tissue) of RU486-treated bigenic mice, showing skin-specific activation of Aurora-A in Aurora-AGS mice.
The role of Aurora-A in skin tumorigenesis. To determine if Aurora-A could initiate skin tumors, we treated Aurora-AGS or control mice (n = 24) with RU486 and the tumor-promoting drug TPA for 6 months. Neither control nor Aurora-AGS mice developed tumors within this period, indicating that Aurora-A overexpression was not sufficient to initiate tumorigenesis in skin. We then did a two-stage carcinogenesis experiment to determine if Aurora-A overexpression could enhance skin tumors in Aurora-AGS mice after a single treatment of the carcinogen DMBA and weekly application of TPA ( Fig. 2, inset ; n = 60 for each group). DMBA/ TPA-induced skin carcinogenesis is a well-established protocol to generate papillomas in mice that progress infrequently to SCC (27) . When combined with RU486 treatment, this protocol yielded papillomas in Aurora-AGS mice with the same latency and frequency as control mice (data not shown). However, benign tumors in Aurora-AGS mice progressed to SCC with a higher frequency than control mice starting at week 28 ( Fig. 2B) , reaching 90% of mice by 52 weeks compared with 36% of mice bearing SCC in the control group (P < 0.01). Gross necropsy revealed that 34% of Aurora-AGS mice had visible metastatic lesions in the lungs (Fig. 2C ) compared with 9% of control mice. Additionally, Aurora-AGS mice presenting with metastasis had multiple nodules in lungs in contrast to single nodules observed in control tumors with metastasis (Fig. 2C) . We confirmed the presence or absence of metastasis by histologic examination of lung tissue. Lung tumors were stained positive for K14 and negative for the lung transcription factor TTF1 (data not shown), confirming the epithelial origin of these tumors. These data strongly implicate Aurora-A overexpression in the progression of epithelial skin cancers.
Analysis of primary tumors in Aurora-AGS mice revealed no difference in BrdUrd incorporation or in the number of TUNELpositive cells between Aurora-AGS and control tumors (Supplementary Fig. S2 ). We also detected expression of human Aurora-A protein in tumors from Aurora-AGS mice (Fig. 2D) , indicating that overexpression of Aurora-A in tumors did not alter either proliferation or cell death.
Aurora-A overexpression induces genomic instability in SCC. Centrosome amplification has been reported in primary embryonic fibroblasts and cell lines ectopically expressing Aurora-A (2, 28). To determine if centrosome duplication was a prominent feature of SCC overexpressing Aurora-A, we stained tumors for g-tubulin and with propidium iodide to enumerate centrosomes. Aurora-AGS tumors showed higher content of centrosomes compared with control tumors (Fig. 3A) with 17% of tumors cells having more than two centrosomes (Fig. 3B) . In contrast, a higher number of control tumor cells had single centrosomes than Aurora-AGS tumors (58% versus 39%), whereas <2% of control tumors showed more than two centrosomes (Fig. 3B) . These results indicate that Aurora-A overexpression promotes centrosome amplification in vivo and may contribute to genomic instability in these tumors.
To assess global genomic changes, we did array CGH analysis of tumor DNA using the Agilent 244K array CGH platform. We did not observe common high-level chromosomal duplications or deletions in control (n = 12) or Aurora-A tumors (n = 11). However, Aurora-A tumors displayed amplification of large regions of chromosome 6 Most amplified regions in Aurora-AGS tumors were localized to chromosomes 6 (45% of all amplified probes), 7 (14%), and 10 (38%; Fig. 3B ), whereas probes corresponding to chromosome 7 accounted for 53% of all probes amplified in control tumors. The complete list of commonly altered probes can be found in Supplementary Fig. S3 .
Closer examination of genetic alterations in chromosomes 6 and 7 in SCC of Aurora-AGS mice revealed genomic gains in both the Hras (7qF5) and Kras (6qG3) loci (Fig. 3D) , whereas control tumors predominantly showed gains of the Hras locus (Fisher exact t test, P < 0.001). We also detected an A-to-T transversion at codon 61 in exon 2 of Hras in all control and most Aurora-AGS tumors (82% of tumors), consistent with a previous work showing that alterations in Hras are prominent features of SCC derived from DMBA/TPAtreated mice (29, 30) . There were no mutations in codons 12, 13, or 61 of Kras in any of the tumors analyzed (data not shown). Analysis of tumor DNA from Aurora-AGS or control tumors by qPCR showed a similar pattern of genomic alteration in Hras and Kras loci as revealed by array CGH analysis (data not shown).
Mutations in the p53 and CDKN2A loci, both of which encodes for tumor suppressors, have been reported in the development of human SCC (31) . Numerous studies have shown crosstalk between p53 function and Aurora-A regulation. p53 has been shown to inhibit Aurora A function by direct interaction or via Gadd45a; Aurora-A can phosphorylate p53 leading to Mdm2-mediated degradation or to decreased p53 DNA binding and transactivating activity (1) . We therefore examined tumor DNA for loss of tumor suppressor function. Array CGH analysis did not reveal deletions of probes corresponding to the p53 locus (11qB2) in SCC from either control or Aurora-AGS mice. We also sequenced exons 5 to 6 and exons 7 to 8 corresponding to the hotspot regions of p53 and found no mutations in control or Aurora-AGS tumor DNA (n = 10 each). We then examined Cdkn2a (4qC4) and Mdm2 (10qD2) loci for genomic alterations. Mdm2 is a known negative regulator of p53 function (32) . Probes corresponding to the mouse Cdkn2a showed deletion in 58% control tumors and 36% of Aurora-AGS tumors Figure 3 . Genomic instability in Aurora-AGS tumors. A, tumor sections from Aurora-AGS or control mice were stained with g-tubulin and propidium iodide. B, centrosomes per tumor cell were tabulated. The data shown were from three separate analyses of control and Aurora-AGS tumors. Bar, 5 Am. + and *, P < 0.05. C, Aurora-A (A ) or control (C ) tumors were analyzed by array CGH using the Agilent 244K platform. Probe signal was averaged across groups and genomic aberrations detected by z -score algorithm. Shown are chromosomes most altered in Aurora-AGS tumors. D, summary of alterations found in Hras, Kras, Mdm2 , and Cdkn2a loci. (Fig. 3B) , suggesting that deletions of p16
Ink4a and p19 Arf , encoded by this locus, may be important for the development of chemically induced skin tumors. In comparison, Mdm2 was found amplified in 25% control and 45% of Aurora-AGS tumors. To further characterize the p53 status of Aurora-AGS tumors, we stained tumors for p53 protein by imunohistochemistry. We observed nuclear p53 staining in 92% of control tumors analyzed, whereas 55% of Aurora-A tumors showed p53 staining (Fig. 4) , indicating that down-regulation of p53 may be important for Aurora-A oncogenic activities.
Aurora-A overexpression in keratinocytes resulted in spindle defects and cell death. The inability of Aurora-A to initiate tumorigenesis in vivo even when coupled to a strong tumor promoter, such as TPA, suggests that Aurora-A may require cooperation with other oncogenes or loss of tumor surveillance genes to be fully oncogenic. To characterize the acute effects of overexpressing Aurora-A in keratinocytes, we treated primary cultured cells of bigenic or control mice with RU486. Costaining with a human-specific antibody against Aurora-A and the centrosome marker g-tubulin showed Aurora-A localization to centrosomes of bigenic keratinocytes (Fig. 5A ), similar to observations in human tumor cells (Supplementary Fig. S1 ). Staining for g-tubulin revealed two centrosomes in control cells undergoing replication (Fig. 5A) ; however, four centrosomes were a common feature of keratinocytes overexpressing Aurora-A (Fig. 5A ). Abnormal centrosome amplification can cause multipolar or disorganized spindles during mitosis, leading to missegregation of chromosomes and the formation of one daughter cell with two or more unequal nuclei (33) . These types of abnormal cells were also observed in cultured Aurora-AGS derived keratinocytes after induction with RU486 (Fig. 5B) , with significantly increased numbers of multinucleated cells (Fig. 5C ). Cells with multiple spindle poles or abnormal spindle structures were evident, showing a strong concentration of Aurora-A protein in these structures (Fig. 5D) . These experiments indicate that Aurora-A overexpression in keratinocytes results in spindle and mitotic defects.
Imunohistochemistry analysis of the skin isolated from newborn or adult mice treated with RU486 revealed elevated levels of TUNEL staining in Aurora-AGS mice compared with controls (Fig. 6A , pups shown). No obvious changes in proliferation were observed between RU486 treated Aurora-AGS and control animals as shown by Ki67 imunohistochemistry (Fig. 6B) and BrdUrd incorporation experiments (data not shown), nor did we observe a change in Loricrin, Keratin-1, or K14 expression pattern between Aurora-AGS and control animals (data not shown). Additionally, neither caspase-3 activation nor p53 induction was observed in RU486-treated skins of Aurora-AGS mice (data not shown), indicating that Aurora-A overexpression in keratinocytes led to cell death of a potentially catastrophic nature.
Discussion
In this study, we established an RU486-dependent system to determine the consequences of overexpressing human Aurora-A and its potential role in skin tumorigenesis. We showed that Aurora-A overexpression in primary keratinocytes resulted in severe mitotic defects, whereas activation of Aurora-A in newborn and adult mouse skin led to apparent cell death of keratinocytes. These observations are consistent with previous studies showing spindle defects when Aurora-A was ectopically expressed in cell lines and primary murine fibroblasts (2, 28, 34) and suggest that deregulation of Aurora-A in skin may trigger cell death caused by delayed or defective mitosis (35) . Apparent cell death in keratinocytes may also explain the absence of tumor initiation by Aurora-A overexpression observed in our study and indicates that Aurora-A requires cooperation with other mutational events leading to faulty G 1 checkpoint regulation to promote tumorigenesis.
We showed that Aurora-A was overexpressed in human prebenign and benign lesions that precede development of malignant SCC. In Aurora-AGS mice, overexpression of Aurora-A promoted the conversion of benign tumors to malignant SCC without affecting the frequency or onset of papilloma formation, implying a distinct role of genomic instability at the transition between benign and malignant conversion. Additionally, Aurora-A overexpression was reported as an early event in human ovarian tumors and in chemically induced mammary rat tumors (3, 36) , suggesting that deregulation of Aurora-A function has a role during the early and late stages of malignant progression of epithelial cancers. The ability to turn on/off Aurora-A by application or withdrawal of RU486 in Aurora-AGS mice may provide the ideal model system to address the importance of Aurora-A deregulation at different stages of skin carcinogenesis.
Aurora-A overexpression with DMBA/TPA-induced carcinogenesis accelerated the conversion of benign tumors to SCC and led to the development of malignant tumors with high metastatic potential. To our knowledge, this is the first mouse model to show enhanced tumor metastasis associated with Aurora-A overexpression in an epithelial tissue. Tumors in Aurora-AGS mice also mirrored previous clinical studies showing a correlation between high Aurora-A levels and metastatic disease with poor patient outcome (12, 37, 38) . We are currently investigating the molecular mechanisms by which Aurora-A promotes metastasis in Aurora-AGS mice. Tumors in Aurora-AGS mice displayed supernumerary centrosomes, which have been observed in numerous epithelial human cancers and is considered a marker of genomic instability (39) . Whole-genome analysis of tumors overexpressing Aurora-A identified gains primarily localized to chromosomes 6, 7, and 10, and strongly implicated the genes on these chromosomes with the aggressive nature of Aurora-A tumors. Amplification of both Hras and Kras loci was a distinguishing feature of tumors from Aurora-AGS mice. In humans, overexpression of ras oncogenes (Hras, Kras, or Nras) are commonly observed in epithelial SCC (40) (41) (42) , and ectopic expression of Aurora-A was reported to potentiate the oncogenic properties of ras in vitro (43) , suggesting cooperativity between Aurora-A and ras signaling in highly malignant tumors. Future studies combining an activated ras allele with overexpression of Aurora-A in Aurora-AGS mice may help illuminate the potential interactions between the ras and Aurora-A signaling pathways in vivo.
A surprising finding from our CGH analysis was that Aurora-A tumors did not display a high level of chromosomal instability (e.g., chromosomal duplications or deletions). One explanation for our observations may be that excessive chromosomal instability inhibits tumor progression. p53 has been shown to act in genomic surveillance, responding to DNA damage, oncogenic stress, and mitotic defects (32, 44) . In addition, p19
Arf , encoded by CDKN2a locus, has been shown to respond to oncogenic stress and promote p53 stabilization through inhibition of Mdm2 ubiquitin ligase activity (45) . Mdm2 regulates p53 levels by targeting p53 for ubiquitin-mediated degradation (46) . Numerous studies have also shown crosstalk between p53 function and Aurora-A regulation (1, 8, 47) . We did not observe alterations of the p53 locus by array CGH or mutations in hotspot exons of p53 gene in tumors of Aurora-AGS mice. However, we did observe loss of p53 protein expression in a subset of Aurora-A tumors, suggesting that deregulation p53 signaling may be important in malignant tumors formed by Aurora-A overexpression. Our array CGH experiments showed predominant loss of the Cdkn2a locus in control tumors, whereas loss of Cdkn2a and amplification of Mdm2 were mainly found in Aurora-A tumors, suggesting that modulation of p53 levels by Mdm2 activity that allows some tumor suppressor function may be important for development of highly malignant tumors observed in Aurora-AGS mice. Consistent with our data, mutations in CDKN2A are commonly observed in prebenign skin lesions and in SCC (48, 49) , and MDM2 is overexpressed or amplified in head and neck SCC (50) .
In summary, we have established a model of Aurora-A overexpression that shows a clear role for Aurora-A in malignant progression of skin SCC. This is the first model of metastatic disease associated with Aurora-A overexpression, and this model may be useful for testing potential inhibitors before clinical trials to determine the stages that these inhibitors will be most effective during tumorigenesis.
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